Bacterial food poisoning is an ever-present threat that can be prevented with proper care and handling of food products. A disposable electrochemical immunosensor for the simultaneous measurements of common food pathogenic bacteria namely Escherichia coli O157:H7 (E. coli), campylobacter and salmonella were developed. The immunosensor was fabricated by immobilizing the mixture of anti-E. coli, anticampylobacter and anti-salmonella antibodies with a ratio of 1:1:1 on the surface of the multiwall carbon nanotube-polyallylamine modified screen printed electrode (MWCNT-PAH/SPE). Bacteria suspension became attached to the immobilized antibodies when the immunosensor was incubated in liquid samples. The sandwich immunoassay was performed with three antibodies conjugated with specific nanocrystal (␣-E. coli-CdS, ␣-campylobacter-PbS and ␣-salmonella-CuS) which has releasable metal ions for electrochemical measurements. The square wave anodic stripping voltammetry (SWASV) was employed to measure released metal ions from bound antibody nanocrystal conjugates. The calibration curves for three selected bacteria were found in the range of 1 × 10 3 -5 × 10 5 cells mL −1 with the limit of detection (LOD) 400 cells mL −1 for salmonella, 400 cells mL −1 for campylobacter and 800 cells mL −1 for E. coli. The precision and sensitivity of this method show the feasibility of multiplexed determination of bacteria in milk samples.
Introduction
Outbreaks of pathogenic food or water-borne diseases remain a major challenge to public health providers, claiming millions of lives annually, worldwide [1, 2] . Characterization of such microorganisms is critical for the diagnosis and subsequent treatment of infectious diseases, as well as for the detection of biohazards in the environment [3, 4] . Pathogens such as salmonella, Escherichia coli O157:H7 (E. coli), Campylobacter jejuni, and Vibrio cholera are more likely to contaminate fresh produce through vehicles such as raw or improperly composted manure, irrigation water containing untreated sewage, or contaminated wash water [5] . Every year in the United States there are millions of people who have been affected by water and food borne illness caused by Campylobacter spp., Salmonella, and E. coli [6] [7] [8] . Although these pathogens usually cause mild to moderate self-limiting gastroenteritis, invasive diseases and complications may occur, resulting in more severe cases [8] . For example, Campylobacter has been identified as the predominant cause of Guillain-Barré syndrome and reactive arthritis [9] . Systemic salmonellosis infections can be lifethreatening [10] , and Shiga toxin-producing E. coli, particularly E. coli, can cause a bloody diarrhea and hemolytic uremic syndrome. Campylobacter, Salmonella, and E. coli colonize the gastrointestinal tracts of a wide range of wild and domestic animals, especially animals raised for human consumption [11] . Food contamination with these pathogenic bacteria can occur at multiple steps along the food chain, including production, processing, distribution, retail marketing, and handling or preparation. Numerous epidemiological reports have implicated foods of animal origin as the major vehicles associated with illnesses caused by food-borne pathogens [12, 13] . Contaminated raw or undercooked vegetables [14] , poultry, dairy products, red meat, etc., are particularly important in transmitting these food-borne pathogens. Since food regulatory agencies have established strict control programs in order to avoid food pathogens entering the food supply, official laboratories should be able to process a high number of samples rapidly [15] . There is an urgent need for rapid assays for screening food and environmental samples for pathogens. Many methods have been developed in an effort to replace traditional techniques that usually take two to three days for biochemical and serological characterization [16] . Electrochemical methods [17] , surface plasmon resonance [18] , polymerase chain reaction [19] , have been developed and studied for the determination of pathogens. However, most of the available methods of food quality control techniques are time consuming, expensive and labour intensive.
Electrochemical biosensors offer several advantages, compared to other detection approaches, including the ability to analyze complex environmental samples, high sensitivity, a low power requirement, and compatible with portable devices [20] . Recently, electrochemical immunosensors based on screen-printed electrodes (SPE) challenge the conventional electrochemical biosensors for fabrication, disposability and portability [21] [22] [23] . The remarkable conductivity of carbon nanotubes (CNT) and their interesting electrochemical properties have led to an intensive research activity in the field of CNT based electrochemical sensors in recent years. The coupling of functional polymers with carbon nanotubes is an increasing importance due to its simplicity of construction and its ability to incorporate conducting materials into porous polymers in order to form electrochemical biosensors. Carbon nanotube composites with nafion [24] , teflon, epoxy, chitosan, polypyrrole and poly(ethylenedioxythiophene) [25] were reported in order to improve robustness of CNT electrodes and to facilitate immobilization of biocomponents. Nanoparticles can be used in a variety of bioanalytical formats with electrochemical detection. When nanoparticles are used as labels, an electrochemical signal emanating from the particles is quantified [26] . This paper describes a simple approach toward the determination of pathogenic bacteria using an immunosensor based on immunosensitized multiwall carbon nanotube-polyallylamine screen printed electrode (␣-MWCNT-PAH/SPE) and nanocrystal antibody conjugates.
Experimental and methods

Reagents
Escherichia coli O157:H7 (E. coli) and its anti-E. coli monoclonal antibody (␣-E. coli) were purchased from Sigma (USA). Campylobacter, Salmonella and its monoclonal antibodies were purchased from Kirkegaard & Perry Laboratories Inc. (USA). SPE were purchased for Zensor R&D (Taiwan). All other analytical reagents, proteins and solvents were purchased from Sigma and were used without further purification.
Instruments
SEM images of electrode surface were obtained using HITACHI S-4700 scanning electron microscope (Hitachi, Japan). Infrared spectra were recorded using Perkin Elmer RXI FT-IR spectrometer (Norwalk, CT, USA) and anhydrous potassium bromide discs. Square-wave voltammetric stripping measurements were performed with CHI 660B (CH Instruments, Austin, TX). 100 L capacity polypropylene hollow cylinder (6 mm inner diameter × 6 mm height) attached on SPE (carbon disk working electrode, 5-mm diameter) was used as electrochemical cell with Ag/AgCl reference electrode, and a platinum wire counter electrode.
Preparation of the nanocrystals bioconjugates
NC and bioconjugates were synthesized using previously reported procedure [26] . Both protocols are briefly described below. For NC synthesis, sodium bis(2-ethylhexyl) sulfosuccinate (AOT) (14.0 g) was first dissolved in a mixture of n-heptane:water (200 mL:4 mL). The resulting solution was separated into two subvolumes of 120 mL and 80 mL. A 0.48 mL aliquot of a 1 M Cu(NO 3 ) 2 or Pb(NO 3 ) 2 or Cd(NO 3 ) 2 solution was added to the 120 mL subvolume, while a 0.32 mL of the 1 M Na 2 S solution was added to the 80 mL sub-volume. The sub-volumes were stirred for 1 h, then mixed and stirred for an additional hour under nitrogen. The quantum dots were capped by adding cysteamine (0.34 mL, 0.32 M) and sodium 2-mercaptoethane sulfonate (0.66 mL, 0.32 M) and mixing under nitrogen for 24 h. The resulting NCs were obtained by evaporating the heptane in vacuum and washing with pyridine, hexane and methanol.
Antibody sensitized NCs were prepared according to the procedure of Thompson and co-workers [27] . The NC were functionalized with carboxyl groups by suspending 6.0 mg of the NC in 600 L of 11-mercaptoundecanoic acid (0.1 M in 4:1, v/v ethanol:water), and mixing for 30 min. The excess thiol was removed during a 5 min centrifugation at 3000 rpm, followed by removal of the supernatant, and dispersion in 120 L of phosphate buffer solution, PBS (20 mM, pH = 8.6). A 10 L of the above suspension were diluted to 100 L with PBS. This was followed by additions of 1 mg N-(3-dimethylamminopropyl)-N -ethylcarbodiimide hydrochloride (EDC) and 1 mg N-hydroxysulfosuccinimide sodium salt (NHS). The mixture was stirred for 30 min, centrifuged for 1 min at 3000 rpm to remove the supernatant, and was then dispersed in 250 L PBS. This was followed by the adding the anti-Salmonella, anti-Campylobacter, anti-E. coli antibodies (15 L, 100 ppm in water) with CuS, PbS and CdS respectively and mixed for 1 h. The NC-antibody conjugates were collected for further use by centrifugation, removal of the supernatant, and resuspended in 1200 L of Tris-HCl buffer (50 mM Tris-HCl, 100 mM NaCl, 5 mM KCl; pH 7.4).
Functionalization of MWCNT
A 50 mL flask loaded with 500 mg of crude MWCNTs and 10 mL of 60% HNO 3 aqueous solution was sonicated in a bath for 30 min. The mixture was then stirred for 24 h under reflux. After cooling to room temperature, it was diluted with 40 mL of deionized water and then vacuum filtered through a 0.2 m polycarbonate membrane. The solid was washed with deionized water until the pH value of the filtrate was 7. The filtered solid was then dried under vacuum for 24 h at 40 • C to give about ∼300 mg of carboxylic acidfunctionalized MWCNT [28] .
Fabrication of the immunosensors
The modification of the graphite working electrode was carried out by dropping on the surface 10 L of suspension of carboxylic acid-functionalized MWCNT (5 mg mL −1 ) and PAH (3 mg mL −1 ) in DMF, and evaporating during 24 h at room temperature. Covalent immobilization of antibodies on MWCNT-PAH/SPE was carried out by dropping 10 L of 2% glutaraldehyde, followed by 30 L of antibody mixtures (5 g mL −1 antibody of each bacterium) in 0.1 M carbonate buffer of pH 8.5 on the electrode surface and drying at room temperature for 3 h and washed with 0.1 M carbonate buffer. Unreacted aldehyde groups were blocked by 0.01 M ethanolamine and nonspecific bindings were also blocked by 0.1% BSA containing Tris-HCl buffer. detection involved a 1 min pretreatment at +0.6 V, and 2 min electrodeposition at −1.0 V, and stripping from −1.0 V to 0.0 V using a square-wave voltammetric waveform, with 4 mV potential steps, 25 Hz frequency and 50 mV amplitude.
Milk sample analysis
Commercial grade fresh bovine milk (Four ways, Taiwan) samples were clarified by centrifugation and filtration through a 0.4 m filter prior to the analysis. All milk samples were stored in −20 • C. Samples of the milk were spiked with different combination of bacteria such as E. coli, Campylobacter and Salmonella and immediately tested.
Results and discussion
Scheme 1 depicts the outlines of an analytical technique that we developed for the amplified detection of the pathogens. The surface-modified-electrode-fabrication technology is commonly used to increase the electrode performance over the analytes. Carbon nanotubes do not disperse easily in liquids or polymer matrices. The extended -electron system present in the tube walls leads to attractive van der Waals forces that are enhanced by the fact that tubes can interact over extended distances. The resulting side-by-side aggregates of CNTs, so called "ropes" [29] , are very difficult to disrupt. Hence MWCNTs were functionalized with carboxylic group to get better dispersion. The FTIR studies of carboxylic acid-functionalized MWCNT indicates broad absorption peak at 3430 cm −1 for the OH functionality. A small peak at 1710 cm −1 is associated with the C O stretching of the carboxylic acid (-COOH) group. The peak at 1600 cm −1 is due to C C stretching of the CNTs. The peak at 1380 cm −1 is due to O-H bending deformation in -COOH. Thus the generation of -OH and -COOH groups on MWCNTs due to functionalization was observed (Supporting information Fig. S1 ) [30] . In order to prevent the MWCNT from aggregating into clumps, they were enclosed in a partially polyallylamine matrix. A polyallylamine monolayer was built on the surface of carboxylic acid-functionalized MWCNT with negatively charged COO-based on electrostatic interaction. The positively charged cationic polyelectrolytes act as glue, bridging between neighbouring tubes. The -NH 2 group present in the polymer chains is used for antibody immobilization. The surface morphology of the modified SPE is an important factor affecting the immunosensor performance. Fig. 1 shows the morphologies of MWCNT-PAH/SPE by scanning electron microscope. The surface of modified SPE showed a homogenous porous structure with a uniform distribution resulting from the thin film of MWCNT-PAH nanocomposite on SPE. The performance of new MWCNT-PAH/SPE was demonstrated in connection with the detection of free cadmium ion in solution. Fig. 2 compares the SWASV responses of SPE and MWCNT-PAH/SPE. Both electrodes give three well-defined oxidation peaks around at −0.7 V for Cd 2+ , −0.5 V for Pb 2+ and −0.1 V for Cu 2+ in acetate buffer with 10 ppm Hg 2+ . As expected, MWCNT-PAH/SPE behavior exhibits a more-favorable response when using voltammetric analysis then SPE or SPE modified only with PAH. MWCNT-PAH/SPE films enhanced the peak currents due to their particular electrical properties.
All three antibodies were immobilized on the MWCNT-PAH/SPE using glutaraldehyde as a cross linking agent. It is apparent that the conventional polymer protein immobilization usually settled in bulk thus creates steric hindrance to the assessment of either antigen or antibody to the entrapped counter immunological moiety. But the covalent immobilization of antibodies on MWCNT-PAH/SPE surface can only occurred on top layers. Hence this method offered no loss of biological activity and amount of antibodies at washing steps. Higher surface area of carbon nanotube modified electrode provides more accommodation for antibodies on the electrode. High selectivity was achieved by blocking the nonspecific binding of the immunosensor with 0.2 M ethanolamine and 0.1% BSA solution.
This immunoassay involved with binding event between NC conjugated antibodies and antibody sensitized electrode surface with respect to concentration of bacteria. The method chosen for detecting the dissolved NC tracers is square-wave anodic stripping voltammetry (SWASV) as it combines the amplification feature of the stripping technique with the advantage of squarewave voltammetry. The coupling of sensitive MWCNT-PAH/SPE and NC-antibody conjugates based stripping assays showed good performance. In these cases, different concentrations of antibodies were immobilized onto the polymer matrix. It is clear from Fig. 3 that the sensor response increased significantly when the concentration of antibody loaded on the electrode surface was changed from 0.01 to 5 g mL −1 . With further increase in the antibody concentration to 5-20 g mL −1 , the significant increases of 
Analytical calibration
The analytical calibrations for bacteria were conducted to determine the sensitivity of the immunosensor towards bacteria, and the immunosensors were tested with different concentrations of the target analyte. The calibration curve for the voltammetric detection of bacteria was carried out by recording each concentration of mixture of bacteria, the response of a modified electrode at optimum experimental conditions (Fig. 4) . Each point of the calibration graph corresponds to the mean value obtained from 5 independent measurements. A sigmoidal current variation was observed Table 1 Recovery studies of selected bacteria from spiked bovine milk samples using NC antibody conjugates and immunosensitized MWCNT-PAH/SPE.
S. no
Amount of bacteria spiked/mL Percentage of recovery (n = 3) over the range of 1 × 10 3 -5 × 10 5 cells mL −1 . The limit of detection (LOD) was defined as the lowest amount of bacterial cells producing a peak current 3 times higher than the standard deviation of the background current in the absence of bacteria under identical conditions. The LOD values of Salmonella, Campylobacter and E. coli were found to be 400, 400 and 800 cells mL −1 respectively, with coefficient variation below 7%. It indicated that the immunosensor response and fabrication procedure were reproducible. Recently reported methods for the detection of selected pathogens are summarized in Table S1 . The present electrochemical biosensors for the multiplexed detection of pathogens with low detection limit shows better than previous reports.
Spiked milk sample analysis
Different combinations of bacteria were spiked and tested for recovery analysis. In Table 1 , the analysis results of the spiked milk sample tested with this developed immunosensor are reported. These results revealed that this immunosensor is capable of multiplexed detection of pathogenic bacteria present in milk.
Conclusion
In this study, we have developed a highly amplified, nanocrystal-based, bio-barcoded electrochemical immunosensor for the simultaneous multiplexed detection of the food pathogens. An electrochemical immunosensor was prepared by immobilization of antibodies on MWCNT-PAH/SPE. The biosensor is mainly composed of three different nanocrystal tracers, such as CuS, PbS and CdS. After the nanocrystal tracer is dissolved in 0.1 M nitric acid, the metal ions, such as Cu 2+ , Pb 2+ and Cd 2+ , show distinct nonoverlapping stripping curves by SWASV on SPE. The integration of the nanocrystal and antibody meets the demand of facilitating the electrochemical immunoassay detection levels. The multiwall carbon nanotubes improve the performance of the electrochemical reaction of substrate and increase the sensitivity of the multiplexed detection of bacteria. The nanocrystal-based bio-barcoded pathogen sensor has potential applications for multiple detections of bioterrorism threat agents and food contaminants. Our results suggest that the assay can be directly applied for food quality control applications, although a larger scale laboratory validation study with a greater number of samples will be required to determine the diagnostic sensitivity and specificity.
